Introduction
'Epigenetics' is defined as 'the study of mitotically and/or meiotically heritable changes in gene function that cannot be explained by changes in DNA sequence' [1] . Epigenetic information is largely provided by components of chromatin, including DNA methylation, histone modifications and histone variants [2] . By definition, epigenetic information should be inherited during mitotic divisions. To date, the best such example is the maintenance of CpG DNA methylation, in which the maintenance DNA methyltransferase DNMT1 copies the methylation pattern from a template strand to a newly synthesized DNA strand during/after semi-conservative DNA replication [3] [4] [5] [6] [7] [8] . Histone modifications are also believed to be major carriers of epigenetic information. However, how the epigenetic information carried by histone modifications or histone variants is inherited during mitotic cell division remains an interesting but not fully resolved question [9] [10] [11] [12] [13] [14] . In this review, we focus on the inheritance of epigenetic information carried by histone modifications.
Which histone modifications are likely to be epigenetic?
Histone modifications include acetylation, phosphorylation, methylation, ubiquitination and crotonylation [15, 16] . Many histone modifications clearly affect the transcription process [17] and reflect the transcriptional states of underlying genes [18] . However, histone modifications are not necessarily 'epigenetic modifications', although they are often referred to as such, simply because they are involved in transcription [19] . By definition, one characteristic feature of epigenetic information is heritability. However, the types of histone modification that are indeed inherited during mitotic divisions are largely unknown. Nonetheless, a few criteria may help us to clarify the candidate modifications that are epigenetic.
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To qualify as a primary epigenetic mark that can be transmitted during mitotic division, a mark must be relatively stable. Among histone modifications with known half-life, histone lysine methylation appears to be the most stable. The half-lives of different histone lysine methylation states range from several hours to days [20] ; by contrast, the half-lives of histone acetylation and phosphorylation are in the range of minutes [21, 22] .
Another critical criterion for a primary epigenetic mark is that the existing mark should be able to, at least in part, direct or guide the reestablishment of a new mark on newly deposited histones. This guided information duplication is a common feature shared by other heritable systems, such as DNA-encoded genetic information and CpG DNA methylation-encoded epigenetic information. Determining whether epigenetic histone modifications actually possess such a guided information duplication system and the accuracy of this system are challenging tasks.
3. H3K9 and H3K27 methylation are the best candidates for epigenetic histone modifications
Among the different histone lysine methylation states, H3K9 and H3K27 methylation appear to be the most likely to be epigenetic, not only because they are key regulators of classic epigenetic phenomena, including position effect variegation [23 -25] , Polycomb silencing [26] [27] [28] [29] and X inactivation [30, 31] , but also because they have been reported to possess certain characteristics of a prototype-guided information duplication system. In fission yeast, H3K9 methylase Clr4 and H3K9 methylated-histone-binding protein Swi6 have been shown to spread along heterochromatin [32] , suggesting the existence of a 'copy and paste' mechanism. In mammals, the Clr4 and Swi6 orthologues Suv39h1/h2 and HP1 may share similar characteristics [24, 25] . Interestingly, another H3K9 methyltransferase G9a [33] that mediates the majority of H3K9 dimethylation (H3K9me2) in euchromatic regions [34] interacts with DNMT1 and localizes to replication foci, which suggests a role in mediating the mitotic inheritance of H3K9me2 [35] . The H3K27 methylase complex PRC2 has also been reported to localize to replication foci [36] . Moreover, the PRC2 subunit EED recognizes H3K27me3 [36, 37] and facilitates the allosteric activation of the PRC2 complex [37] . All these findings suggest that H3K9 and H3K27 methylation are the best candidates for epigenetic marks among histone modifications. However, whether these modifications are faithfully inherited during mitotic division remains unclear. This inquiry can be broken down to two specific questions: (i) are these marks quickly reestablished during S phase in a replicationdependent manner? and (ii) do newly deposited histones acquire the same amounts of modification as the old histones?
(a) H3K9me3 and H3K27me3 are not fully reestablished during S phase
Histone modifications are often studied with antibody-based techniques, such as western blot analysis. During the cell cycle, the expected global level changes of epigenetic histone marks are within twofold, a relative modest change that is difficult to be accurately measured using antibodies. Despite these challenges, it has been reported that H3K27me3 is reestablished during G1 phase using western blot analysis [38] . More recently, stable isotope labelling with amino acids in cell culture (SILAC)-based quantitative mass spectrometry [39] has been increasingly used to quantify histone modifications [20,40 -43] . Using this technology, it has been reported that H4K20 and H3K79 methylation are gradually established in a replication-independent manner [40, 42] .
Using [
histones as external reference, we recently determined the relative abundance of histone modifications, including H3K9 and H3K27 methylation at different stages of the cell cycle, using an Orbitrap mass spectrometer that offers a wide linear dynamic range and that enables discrimination between acetyl and tri-methyl groups [44] . Interestingly, although enzymes mediating H3K9me2 and H3K27me3 can associate with the replication foci [35, 36] , the global levels of these marks together with H3K9me3 and previously reported H3K79me2 [42] are not fully reestablished during S phase [44] . Instead, the global levels of higher methylations states (di-, tri-methylation) are reduced to about 70 per cent [44] , because newly synthesized histones lack modifications that are normally associated with chromatic histones [45] . The levels of H3K9me2 are fully recovered shortly after S phase [44] , which suggests that the replication-dependent reestablishment of this mark reported previously [35] is the major contributor. By contrast, the levels of H3K9me3 and H3K27me3 are reestablished with much slower kinetics. These modifications appear to be gradually reestablished throughout the cell cycle and the overall levels of these modifications are fully recovered during G1 phase [44] .
(b) Newly deposited histones do not possess comparable levels of H3K9me3 and H3K27me3 when compared with the old histones even after one entire round of the cell cycle
The next question is whether newly deposited histones possess comparable levels of histone marks compared with the old histones. Comparable levels would suggest that the enzymatic machinery that reestablishes the histone marks might be able to distinguish the newly deposited histone from the old histones. Furthermore, this machinery might use preexisting marks on the old histones to guide the establishment of new marks specifically onto the newly deposited histones. SILAC again is the best approach available to address the above-mentioned question, because SILAC not only discriminates newly deposited histones from the old ones, but also allows the detection and quantification of histone modifications simultaneously. This approach has already been successfully used in studying H4K20 and H3K79 methylation [40, 42] .
H3K9me2 on newly deposited histones reaches a level comparable to that in the old histones shortly after S phase [44] . This implies that the replication-dependent reestablishment of this mark reported previously [35] is the primary mechanism responsible for this modification.
However, despite being considered the most epigenetic marks, the levels of H3K9me3 and H3K27me3 on the newly deposited histones are far lower than the levels on the old histones [44] . This finding, together with recovery of the levels of these modifications during G1 phase [44] , suggests that old [20, 44] . In sum, the overall levels of epigenetic modifications are maintained during mitotic division, but a precise mechanism that faithfully maintains the modification pattern at a near-mononucleosome resolution appears to be absent.
A buffer model that unifies faithful gene silencing and imprecise epigenetic inheritance
A series of recent findings suggest that cells lack a precise general mechanism for the mitotic inheritance of histone modification-based epigenetic information. The findings that histone lysine methylation states are not required to exist symmetrically within each nucleosome [43] and that canonical histone (H3 -H4) 2 tetramers undergo conservative segregation [46] are inconsistent with some models of an epigenetic inheritance mechanism with mononucleosome resolution [47] . Moreover, old histones continue to acquire new methyl groups in the next cell cycle and possess much greater levels of higher methylation states than newly deposited histones [44] . This finding further contradicts the possibility of a general epigenetic inheritance mechanism with a near-mononucleosome level of precision. Nevertheless, genes repressed by H3K27me3 or H3K9me3 have not been reported to be derepressed during S phase, which indicates that the transcriptional states of target genes that associate with these epigenetic marks are indeed faithfully maintained. Therefore, an important question concerns how faithful gene repression could be maintained without a precise mitotic inheritance mechanism for the epigenetic marks. We previously proposed a buffer model that unifies the imprecise reestablishment of modifications and faithful maintenance of transcriptional repression [44] . We elaborate below.
(a) Is epigenetic repression mediated by a few nucleosomes or a domain?
The term 'repressive modifications' has been widely used because of the association of these modifications with repressed transcriptional states and the requirement of these modifications for keeping their target genes in the repressed states. However, we want to emphasize that genes are not directly repressed by the repressive modifications themselves but by downstream events that help fold the underlying genes into non-permissive higher-order chromatin structures [48] . In other words, histone modification-based epigenetic repression is unlikely to be mediated by a few important nucleosomes, such as nucleosomes next to the transcription start sites. Instead, scores of nucleosomes within a domain that spans tens of kilobases are more likely organized into a non-permissive higher-order chromatin structure that ultimately represses gene expression. Indeed, repressive modifications often span a relatively wide region of chromatin, rather than being localized to a few nucleosomes [49] [50] [51] . If gene repression is achieved by folding scores of nucleosomes into higher-order chromatin structure, rather than by repressive modifications on a few critical nucleosomes, then the precise restoration of histone marks at near-mononucleosome level is neither practical [44] nor necessary for the faithful repression of the target genes. In other words, nucleosomes are the basic units for chromatin but are not necessarily the basic units for gene repression.
(b) Heterogeneous nature of histone methylation marks within the repressed domain
Lysine residues can be mono-, di-and tri-methylated. Increasing numbers of genome-wide histone modification profiling experiments using methylation state-specific antibodies have established a clear consensus within the chromatin field, which holds that distinct histone methylation states are often enriched at different regions of chromatin for specific functions [52] . However, these distinct methylation states are merely enriched and not uniformly distributed in their corresponding regions. SILAC-based studies clearly demonstrated that higher methylation states are gradually established over the lower methylation states for most histone lysine methylation sites [20, [40] [41] [42] 44] . Therefore, histone lysine methylation within the repressed domains that span scores of nucleosomes must be heterogeneous or all four forms-me0, me1, me2 and me3-must coexist, although certain forms might be dominant. Such heterogeneity is required for the reported gradual maturation of higher methylation states [40] [41] [42] 44] . Such heterogeneity is also consistent with the observation that the levels of histone modifications fluctuate during the cell cycle [44] . rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20110332
scores of nucleosomes, is sufficient to abrogate transcriptional activity within the domain ( figure 1 ). Throughout the cell cycle, the actual levels of H3K27me3 within such regions may fluctuate without affecting the transcriptional states of the region, so long as they are maintained above the threshold. Because this system functions like a buffer, we termed it the buffer model, and the range that repressive marks are allowed to fluctuate is designated the buffer zone ( figure 1) .
We speculate that this buffer system not only protects the repressed status of genes from cell-cycle-dependent chromatin modification fluctuations, but also safeguards gene repression from certain assaults against the levels of chromatin modifications mediated by environmental cues.
(d) Reinforcement of silencing by combinatory chromatin modifications
In the preceding sections, we presented a simplified view for the role of histone lysine methylation in mitotic epigenetic inheritance. However, we also would like to point out that these repressive histone lysine methylation marks often function coordinately with other chromatin modifications. For example, H3K9me3, H4K20me3 and DNA methylation are all important components of pericentromeric constitutive heterochromatin in mammals [53] [54] [55] . Likewise, H3K27me3 and H2A mono-ubiquitylation also often function together to repress Polycomb targets in facultative heterochromatin [26, [56] [57] [58] [59] . It is highly possible that fluctuation of one modification can also be compensated by other cooperative modifications.
5. Pre-existing histone modifications are necessary but not sufficient to reestablish the epigenetic marks
Ideally, heritable information should be duplicated during mitotic division by a templated information copying mechanism, such as DNA replication for DNA sequence-encoded genetic information and maintenance DNA methylation for CpG methylation-encoded epigenetic information. For histone modifications, some of the histone methyltransferases such as Clr4 and PRC2 possess enzymatic activities that can amplify the pre-existing modifications, and these amplification activities are required for the maintenance of heterochromatin [32, 37] . However, these systems apparently have much lower fidelity than other information duplication systems, such as the DNA replication system and the CpG DNA methylation maintenance system. Therefore, the inheritance of histone modificationmediated epigenetic information is not solely determined by the pre-existing modifications and their corresponding enzymes. Instead, other players including cis-elements of DNA and the transcription status of the region are also essential [18, 60] .
6. Comparison between epigenetic inheritance mediated by histone lysine methylation and epigenetic inheritance mediated by the sir proteins in budding yeast
There is no repressive histone lysine methylation marks in budding yeast Saccharomyces cerevisiae. Nevertheless, budding yeast possess the most studied heterochromatin-like structures at the silent mating-type loci and telomere regions mediated by the SIR complex [61] . Sir2, an NAD-dependent histone deacetylase that mainly deacetylates histone H4 lysine 16 [62] forms a complex with Sir4 and Sir3 [61, 63, 64] , a protein preferentially binds to nucleosome with deacetylated H4K16 [65] . SIR complex is first recruited to nucleation site though silencer binding protein [61] and then spread to neighbouring regions via its activities in deacetylating H4 histones and binding to deacetylated H4 histones [62, 65] . Although mediated through a different modification, this silencing mechanism in budding yeast shares certain similarities with epigenetic inheritance mediated by histone lysine methylations. First, silencing in yeast is also achieved through the formation of regional compacted heterochromatic environments containing several kilobases of hypoacetylated heterochromatic regions [60] . Second, pre-existing modifications can partially guide the establishment of epigenetic states of newly assembled chromatin [60, 62, 65] .
Concluding remarks
The proposed buffer model was based on experimental observations. It is, however, worth asking a more philosophic question: why is the epigenetic system not granted the same fidelity that the genetic system possesses?
To answer this question it is necessary to know the basic tasks of the epigenetic system. Multicellular organisms are required to achieve two simple tasks: (i) cells should be able to alter their fate to generate distinct cell types for different functions during differentiation and (ii) cells and their progeny should be able to maintain their fate when further differentiation is not required at the post-mitotic stages or during proliferation. To fulfil these tasks, the epigenetic system must simultaneously possess the characteristics of plasticity and inheritability. Plasticity allows the transformation of one genome into hundreds of epigenomes and transcriptomes, whereas inheritability permits the maintenance of every single epigenome and its corresponding transcriptome. To achieve both tasks, the epigenetic system cannot afford to have the same fidelity as the genetic system, which inevitably sacrifices its plasticity. 
